and EPDR1 at 'STARD3NL', had pronounced inhibitory effects on osteoblastogenesis.
INTRODUCTION
Osteoporosis is a common chronic form of disability due to loss of bone mineral density (BMD). During their lifetime, women lose 30-50% of peak bone mass, while men lose 20-30%.
Fracture risk is higher in individuals with lower BMD [1] [2] [3] . Above age 50, many women of European ancestry will suffer at least one fracture; of these, many are at high risk for a subsequent fracture 4 . The subsequent loss in mobility and increased mortality have an enormous financial impact estimated at $17 billion annually 5 , and this is likely to rise during the next few decades due to an aging population 4 .
BMD is a classic complex trait influenced by behavioral, environmental and genetic factors.
There is strong evidence for genetic predisposition to osteoporosis [6] [7] [8] , with an estimated 60% to 80% of the risk explained by heritable factors 9, 10 . Population ancestry differences also speak to the genetic component 11, 12 .
After the limited successes in the candidate gene 13, 14 and family-based linkage study eras of bone genetics 15, 16 , the GWAS approach has proven a more comprehensive and unbiased strategy to identify loci related to this complex phenotype. Increasingly higher resolution GWAS have examined adult bone phenotypes 17-22 -the latest meta-analysis reported 56 adult BMD (measured by dual-energy X-ray absorptiometry) 17-19 and 14 fracture risk associated loci 22 , while additional loci have been discovered in the pediatric setting 23, 24 . Indeed, we found that many of these adult bone loci also operate in childhood [23] [24] [25] [26] [27] , including rare variation at the engrailed 1 residing within open chromatin that are in LD with the sentinel SNP of 88 out of the 107 BMD loci investigated.
Next, we performed SPATIaL-seq on MSC-derived osteoblasts from three donors ( Table   S1 ). Libraries from each donor yielded high coverage (an average of ~1.6 billion reads per library) and good quality, with >40% valid read pairs and >75% capture efficiency (% of unique valid reads captured; Table S3 ). We called significant interactions using the CHiCAGO pipeline 42 . We first performed analyses at 1-fragment and 4-fragment resolutions and observed that the median distance for cis interactions increased when decreasing the resolution (Table   S4 ). Therefore, we merged the results from the two analyses, allowing us to use a very high resolution for short-distance interactions, and to trade off resolution for increased sensitivity at longer interaction distances. Using this approach, we identified a total of 295,422 interactions (~14% were bait to bait), with a median distance for cis interactions of 50.5 kb, and a low number of trans interactions (0.7%). Most of the non-bait promoter-interacting regions (PIRs)
had contacts with a single baited region (84%), while only 1% contacted more than four.
PIRs were significantly enriched for open chromatin regions as detected by our ATAC-seq experiments, suggesting a potential regulatory role. They were also enriched for histone marks associated with active chromatin regions in primary human osteoblasts from the ENCODE project 43 (Table S5) , such as enhancer regions (H3K27ac and H3K4me1), active promoters (H3K4me3), actively transcribed regions (H3K36me3), and transcription factor binding sites (H3K4me2); they also associated with CTCF binding sites and the repressive mark H3K27me3, but not with the repressive mark H3K9me3 (Fig S1A) . PIRs were highly enriched for BMD GWAS signals and their proxies (r 2 >0.4), but substantially less so for the non bone-related Alzheimer's disease (Fig S1B) . The number of contacts per bait were also significantly higher at 1-fragment resolution only, and 52 at 4-fragment only; Table S7 ). The vast majority of the implicated genes were highly expressed in the MSC-derived osteoblasts (Table S6) .
SNP-promoter interactions (for SNPs not residing in baits) fell in to three types of observations: 1. to nearest gene only (36%) (Fig. 1A) , to both nearest and more distant gene(s) (12%) (Fig. 1B) and only to distant gene(s) (52%) (Fig. 1C) . Overall, 58% of the GWAS loci interacted with only one baited promoter region, while 42% interacted with more than one.
We went on to carry out pathway analyses on the above genes implicated by ATAC-seq plus SPATIaL-seq in human MSC-derived osteoblasts. Using Ingenuity, we found four enriched canonical pathways surviving multiple comparison correction, all very relevant to osteoblastic differentiation: 'osteoarthritis pathway', 'TGF-β signaling', 'role of osteoblasts, osteoclasts and chondrocytes in rheumatoid arthritis' and 'BMP signaling pathway' (Fig. S3) . Among the implicated genes, we found several with a known role in osteogenesis, such as RUNX2 at the 'SUPT3H-RUNX2' locus, HTRA1 44 at 'TACC2' and MIR31HG 45 at 'MTAP', confirming the validity of our approach, while other target genes were completely novel.
In order to validate our findings, we targeted the expression of implicated genes using siRNA at two key loci in primary human MSCs derived from four donors (Table S1) : WNT16, CPED1 and ING3 at the 'WNT16-CPED1' locus, and EPDR1 and SFRP4 at the 'STARD3NL' locus, and then assessed osteoblast differentiation. qPCR analysis showed that each siRNA resulted in significant knockdown of its corresponding target across the donor MSCs, but did not impact the expression of the other gene or genes implicated at the same loci ( Fig. 2 B, C; Fig. 3 B, C, D). BMP2 treatment had no effect on In this study, we applied SPATIaL-seq to primary human MSC-derived osteoblasts, representing a highly relevant, but relatively difficult to obtain, cellular model type to study BMD.
We recognize that other cell types, most particularly osteoclasts, are also involved in BMD determination, but we have shed light on how these loci operate in this key single cell type, most responsible for building peak bone density.
We were able to determine complex and intricate contacts for ~30% of the BMD loci, frequently detecting two or more promoter contacts at these signals. 54, 55 . Nonetheless, and most interestingly, our approach was able to uncover the role of two less obvious, novel genes in osteoblastogenesis and bone mineralization.
In conclusion, we observed consistent contacts at multiple BMD GWAS loci with a high resolution promoter interactome applied to a single difficult to obtain, disease-relevant cell type i.e. human primary MSC-derived osteoblasts. Our ATAC-seq plus SPATIaL-seq approach has promise for future efforts to implicate effector genes at GWAS loci for other common genetic disorders.
METHODS

Loci analyzed
We leveraged 63 loci from the latest GWAS of adult BMD and fracture 27 , plus pediatric and adult loci from studies from our and other investigators' groups 23,24,27,29,38,56,57 , for a total of 110 independent sentinels ( either approach, so we ultimately worked with 14,007 proxies for 110 sentinels at 107 loci.
Culturing, differentiation and functional characterization of hMSCs
Primary bone-marrow derived human MSCs isolated from healthy donors (age range: 22 years-29 years) were characterized for cell surface expression (CD166+CD90+CD105+/CD36-CD34-CD10-CD11b-CD45-) and tri-lineage differentiation (osteoblastic, adipogenic and chondrogenic) potential at the Institute of Regenerative Medicine, Texas A&M University.
Expansion and maintenance of the cells were carried out using alpha-MEM supplemented with .10, N.S. = "not significant"). We spun down immediately at 550 ×g for 10 min, 4°C and then resuspended the nuclei in the transposition reaction mix (2x TD Buffer (Illumina Cat #FC-121-1030, Nextera), 2.5ul Tn5 
ATAC-seq library generation and peak calls
Cell fixation for chromatin capture
The protocol used for cell fixation was similar to previous methods 40 . Cells were collected and single-cell suspension were made with aliquots of 10 7 cells in 10ml media (e.g. RPMI + 10%FCS). 540 µl 37% formaldehyde was added and incubation was carried out for 10 min at RT in a tumbler. The reaction was quenched by adding 1.5ml 1M cold glycine (4°C) giving a total 12ml. Fixed cells were centrifuged for 5 min at 1000 rpm at 4°C, and supernatant were removed. The pellets were washed in 10 ml cold PBS (4°C) by centrifugation for 5 min at 1000 rpm at 4°C. Supernatant was removed and cell pellets were resuspended in 5 ml of cold lysis buffer (10 mM Tris pH8, 10 mM NaCl , 0.2% NP-40 (Igepal) supplemented with protease inhibitor cocktails). Resuspended cells were incubated for 20 minutes on ice and centrifuged to remove the lysis buffer. Finally, the pellets were resuspended in 1 ml lysis buffer and transferred to 1.5ml Eppendorf tubes prior to snap freezing (ethanol / dry ice or liquid nitrogen). Cells were stored at -80 °C at this point until they were thawed again for digestion.
Initial 3C libraries were generated for fixed MSC-derived osteoblasts shipped from Michigan to CHOP. For each library, 10 million cells were harvested and fixed. The DNA was digested using DpnII, then re-ligated together using T4 DNA ligase and finally isolated by phenol/chloroform extraction 40 . In line with the previously published Capture C protocol 40 the above described 3C libraries were utilized for the capture procedure.
The protocol used for 3C library generation was similar to previous methods 40 . Cell were thawed on ice, spun down and the lysis buffer was removed. The pellet was resuspended in water and incubated on ice for 10 minutes, followed by centrifugation and removal of 
SPATIaL-seq
Custom capture baits were designed using Agilent SureSelect library design targeting both ends of DpnII restriction fragments encompassing promoters (including alternative promoters) of all human coding genes, noncoding RNA, antisense RNA, snRNA, miRNA, snoRNA, and lincRNA transcripts, totaling 36,691 RNA baited fragments. The capture library design covered 95% of all coding RNA promoters and 88% of RNA types describe above. The missing 5% of coding genes that weren't able to be designed were either duplicated genes or contained highly repetitive DNA in their promoter regions.
The isolated DNA of the 3C libraries generated by DpnII digestion and ligation were quantified using a Qubit fluorometer (Life technologies), and 10μg of each library was sheared in dH2O using a QSonica Q800R to an average DNA fragment size of 350bp. QSonica settings used were 60% amplitude, 30 seconds on, 30 seconds off, 2 minute intervals, for a total of (5 intervals) at °C. After shearing, DNA was purified using AMPureXP beads (Agencourt), the concentration was checked via Qubit and DNA size was assessed on a Bioanalyzer 2100 using a 1000 DNA Chip. Agilent SureSelect XT Library Prep Kit (Agilent) was used to repair DNA ends and for adaptor ligation following the standard protocol. Excess adaptors were removed using AMPureXP beads. Size and concentration are checked again before hybridization. 1ug of ligated library was used as input for the SureSelect XT capture kit using their standard protocol and our custom-designed Capture-C library. The quality of the captured library was assessed by Bioanalyser 2100Qubit and Bioanalyzer using a high sensitivity DNA Chip. Each SureSelect XT library was initially sequenced on 1 lane HiSeq 4000 paired-end sequencing (100 bp read length) for QC. All 6 Capture C promoter 'interactome' libraries were then sequenced three at a time on an S2 flow cell on an Illumina NovaSeq, generating ~1.6 billion paired-end reads per sample.
Analysis of SPATIaL-seq data
Quality control of the raw fastq files was performed with FastQC. Paired-end reads were preprocessed with the HICUP pipeline 59 , with bowtie2 as aligner and hg19 as reference genome.
Significant promoter interactions at 1-DpnII fragment resolution were called using CHiCAGO 42 with default parameters except for binsize which was set to 2500. Signifcant interactions at 4-DpnII fragment resolution were also called with CHiCAGO using artificial .baitmap and .rmap files where DpnII fragments were grouped into 4 consecutively and using default parameters except for removeAdjacent which was set to False. Results from the two resolutions were merged by taking the union of the interaction calls at either resolution and removing any 4-fragment interaction which contained a 1-fragment interaction. We define PIR a promoterinteracting region, irrespective of whether it is a baited region or not. The CHiCAGO function 
RNA-seq
Total RNA was isolated from differentiating osteoblasts using TRIzol reagent (Invitrogen) following manufacturer instructions, and then depleted of rRNA utilizing the Ribo-Zero rRNA Removal Kit (Illumina). RNA-seq libraries were prepared using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB) following standard protocols. Libraries were sequenced on one S2 flow cell on an Illumina NovaSeq 6000, generating ~200 million paired-end 50bp reads per sample. RNA-seq data were aligned to the hg19 genome with STAR v. 2.5.2b 60 and pre-processed with PORT (https://github.com/itmat/Normalization) using the GENCODE Release 19 (GRCh37.p13) annotation plus annotation for lincRNAs and sno/miRNAs from the UCSC Table Browser (downloaded 7/7/2016). Normalized PORT counts for the uniquely mapped read pairs to the sense strand were additionally normalized by gene size and the resulting values were used in the computation of gene expression percentiles.
Experimental knockdown of candidate genes and functional characterization
We investigated five key loci -EPDR1 and SFRP4 at the 'STARD3NL' locus and WNT16, CPED1 and ING3 at the 'WNT16-CPED1' locus. Experimental knock down of these genes was achieved using DharmaFECT 1 transfection reagent (Dharmacon Inc., Lafayette, CO) using a set of 4 ON-TARGETplus siRNA (target sequences in Table S1 ) in three temporally separated independent MSC-derived osteoblast samples and then assessed for metabolic and osteoblastic activity. Following siRNA transfection, cells were allowed to recover for 2 days and stimulated with BMP2 for additional 3 days in serum-free osteogenic media, as previously described, after which the influence of knockdown on gene expression (qPCR) and early osteoblast differentiation (ALP) were evaluated as described. Table 1 
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